Proceedings of FAPR�96�revised version of June 1, 19961

Reason in a Changing WorldJohn L. PollockDepartment of PhilosophyUniversity of ArizonaTucson, Arizona 85721(e-mail: pollock@arizona.edu)A rational agent (artificial or otherwise) residing in a complex changing environmentmust gather information perceptually, update that information as the world changes,and combine that information with causal information to reason about the changingworld. Using the system of defeasible reasoning that is incorporated into the OSCARarchitecture for rational agents (Pollock 1995 and 1995a), a set of reason-schemaswill be proposed for enabling an agent to perform some of the requisite reasoning.Along the way, solutions will be proposed for the Frame Problem and the YaleShooting Problem. The principles and reasoning described below have all beenimplemented in OSCAR.1. Reasoning from PerceptsIn a complex changing environment, an agent cannot be equipped from its inceptionwith all the information it needs. It must be capable of gathering new information bysensing its surroundings. This is perception, in a generic sense. Perception is aprocess that begins with the stimulation of sensors, and ends with beliefs about theagent�s immediate surroundings. In perceptual reasoning, the basic inference is froma percept to a conclusion about the world. This enables us to assign propositionalcontents to percepts. The content of a percept will be taken to be the same as thecontent of the belief for which the percept provides a reason. But of course, thepercept is not the same thing as the belief. Having the percept consists of having aperceptual experience that is as if the belief were true. Given this understanding ofthe content of percepts, we can, as a first approximation, formulate the reasoning frompercepts to beliefs as follows (Pollock, 1987):(1)Having a percept with the content P is a defeasible reason for the agent tobelieve P.In this principle, the variable �P� ranges over the possible contents of percepts. Thatrange will depend upon the perceptual apparatus of the agent in question.This formulation of the reasoning captures the obvious but important point thatperceptual reasoning must be defeasible�appearances can be deceptive. However,that this formulation is not entirely adequate becomes apparent when we considertemporal updating. The world changes, and accordingly percepts produced at differenttimes can support inferences to conflicting conclusions. We can diagram this roughlyas follows, where t1 is a later time than t0, �

� symbolizes defeasible inference,and �

� symbolizes defeat relations:

Proceedings of FAPR�96�revised version of June 1, 19962

It appears to me that ~PIt appears to me that P at tat t10P~PThe reasoning seems to produce a case of collective defeat. But it shouldn�t. Theinitial percept supports the belief that P holds at t0, and the second percept supportsthe belief that P does not hold at t1. These conclusions do not conflict. We can holdboth beliefs simply by acknowledging that the world has changed.We can accommodate this by building temporal reference into the belief producedby perception, and giving the percept a date. This allows us to reformulate the abovedefeasible reason as follows:

PERCEPTIONHaving a percept at time t with the content P is a defeasible reason for the agent tobelieve P-at-t.with the result that the apparent conflict has gone away.It will be convenient to build the time of the percept into the formula representingthe content of the percept. Accordingly, I will adopt the convention of saying that apercept at time t with content P is a percept of P-at-t.2. Perceptual ReliabilityWhen giving an account of a species of defeasible reasoning, it is as important tocharacterize the defeaters for the defeasible reasons as it is to state the reasons themselves.This paper assumes the theory of defeasible reasons and reasoning implemented inOSCAR and described in detail in Pollock 1995 and 1995a. One of the centraldoctrines of that theory is that there are just two kinds of defeaters�rebutting defeatersand undercutting defeaters. Any reason for denying P-at-t is automatically a rebuttingdefeater for PERCEPTION. An undercutting defeater for an inference from a beliefin P to a belief in Q attacks the connection between P and Q rather than merelydenying the conclusion. An undercutting defeater is a reason for the formula (P ~ Q)(read �It is false that P would not be true unless Q were true�, or abbreviated as �Pdoes not guarantee Q�). It is desirable to represent undercutting defeaters forPERCEPTION similarly, but we cannot use the content of the percept as the firstformula, because that would give us (P˚~˚P), which is logically false. In order tohave a formula to represent the content of the undercutting defeater, I will write it as((It appears to me that P) ~ P). The only obvious undercutting defeater is a reliabilitydefeater, which is of a general sort applicable to all defeasible reasons:

PERCEPTUAL-RELIABILITYWhere r is the strength of PERCEPTION , and s < r, �R-at-t, and the probability isless than or equal to s of P�s being true given R and that I have a percept withcontent P� is a defeasible reason for ((It appears to me that P-at-t) ~ P-at-t).

Proceedings of FAPR�96�revised version of June 1, 19963 content P� is a defeasible reason for ((It appears to me that P-at-t) ~ P-at-t).3. Temporal ProjectionThe reason-schema PERCEPTION enables an agent to draw conclusions about itscurrent surroundings on the basis of its current percepts. However, that is of little useunless the agent can also draw conclusions about its current surroundings on the basisof earlier (at least fairly recent) percepts. For instance, imagine a robot whose task isto visually check the readings of two meters and then press one of two buttonsdepending upon which reading is higher. This should not be a hard task, but if weassume that the robot can only look at one meter at a time, it will not be able toacquire the requisite information about the meters using only the reason-schemaPERCEPTION. The robot can look at one meter and draw a conclusion about itsvalue, but when the robot turns to read the other meter, it no longer has a percept ofthe first and so is no longer in a position to hold a justified belief about what thatmeter reads now. In order to perform this task, the robot needs some basis forbelieving that the first meter still reads what it read a moment ago. In other words,the robot must have some basis for regarding the meter reading as a stable property�onethat tends not to change quickly over time.It is natural to suppose that a rational agent, endowed with the ability to learn byinduction, can discover inductively that some properties (like the meter readings) arestable to varying degrees, and can bring that knowledge to bear on tasks like themeter-reading task. However, I argued long ago (Pollock 1974) that such inductivelearning is not epistemically possible�it presupposes the very stability that is theobject of the learning. The argument for this somewhat surprising conclusion is asfollows. To say that a property is stable is to say that objects possessing it tend toretain it. To confirm this inductively, an agent would have to re-examine the sameobject at different times and determine whether the property has changed. The difficultyis that in order to do this, the agent must be able to reidentify the object as the sameobject at different times. Although this is a complex matter, it seems clear that theagent makes essential use of the perceptible properties of objects in reidentifyingthem. If all perceptible properties fluctuated wildly, we would be unable to reidentifyanything. If objects tended to exchange their perceptible properties abruptly andunpredictably, we would be unable to tell which object was which.1 The upshot ofthis is that it is epistemically impossible to investigate the stability of perceptibleproperties inductively without presupposing that most of them tend to be stable. If wemake that general supposition, then we can use induction to refine it by discoveringthat some perceptible properties are more stable than others, that particular propertiestend to be unstable under specifiable circumstances, etc. But our conceptual frameworkmust include a general presumption of stability for perceptible properties before anyof this refinement can take place. In other words, the built-in epistemic arsenal of arational agent must include reason-schemas of the following sort for at least somechoices of P:(2)If t0 < t1 then believing P-at-t0 is a defeasible reason for the agent to believeP-at-t1.Principle (2) amounts to a presumption that P�s being true is a stable property of atime (i.e., a stable fluent, to use the jargon of the situation calculus). A stableproperty is one such that if it holds at one time, the probability is high that it will

1 A more detailed presentation of this argument can be found in Pollock 1974.continue to hold at a later time. Let r be the probability that P will hold at time t+1

Proceedings of FAPR�96�revised version of June 1, 19964 continue to hold at a later time. Let r be the probability that P will hold at time t+1given that it holds at time t. Assuming independence, it follows that the probabilitythat P will hold at time t1 given that it holds at time t0 is expt(r,t1—t0) (where expt(x,y)is xy). In other words, the strength of the presumption that a stable property willcontinue to hold over time decays as the time interval increases. This is important forunderstanding the logic of reasoning about stable properties. To illustrate, considerwhat I will call the perceptual updating problem. Suppose an agent has a percept of Pat time t0, and a percept of ~P at a later time t1. What an agent should conclude(defeasibly) under these circumstances is that the world has changed between t0 and t1,and although P was true at t0, it is no longer true at t1 and hence no longer true at alater time t2. If we attempt to reconstruct this reasoning using principle (2), we do notseem to get the right answer. Principle (2) produces the the following inference-graph,and it is a straightforward case of collective defeat. That is, there is one statusassignment in which ~P-at-t2 is undefeated and P-at-t2 is defeated, and a second statusassignment in which ~P-at-t2 is defeated and P-at-t2 is undefeated. This is intuitivelyincorrect.

It appears to me that ~P at t~P at t~P at tIt appears to me that P at tP at tP at t112200The solution to getting the reasoning to come out right is to embrace the observationthat the strength of the presumption that a stable property will continue to hold overtime decays as the time interval increases, and build this into principle (2). Thestrength of the reason provided by principle (2) must decrease as (t1 — t0) increases.This will have the result that the support for ~P-at-t2 is greater than the support forP-at-t2, and hence the latter is defeated but the former is not. I propose then that wetake the reason-strength of temporal projection to have the formexpt(r,(t1 — t0)) Æ degree(P-at-t0)where exp(x) is ex and degree(P-at-t0) is the undefeated-degree-of-support of P-at-t0and r is a constant I will call the temporal-decay factor. The reason expt(r,(t1 — t0)) ismultiplied by degree(P-at-t0) is to ensure that the degree of justification of the conclusiondecays uniformly with time. If the reason-strength were greater than degree(P-at-t0),then the degree of justification of the conclusion would remain constant at degree(P-at-t0)until the reason-strength decreased to that level. To avoid that, I multiply expt(r,(t1˚—˚t0))by degree(P—at-t0) so that the reason-strength starts out as equal to degree(P—at-t0) andthen decays from there.The proposal is then that we reformulate (2) as follows:

TEMPORAL-PROJECTION

Proceedings of FAPR�96�revised version of June 1, 19965

TEMPORAL-PROJECTIONIf t0 < t1, believing P-at-t0 is a defeasible reason of strength expt(r,(t1 — t0)) Ædegree(P-at-t0) for the agent to believe P-at-t1.This can be illustrated by running OSCAR on the perceptual updating problem.Suppose an object looks red initially, but later looks blue. Lacking any specialknowledge about the case, it is reasonable to infer that it was originally red, but laterbecome blue. That is, later perceptual information must take precedence over earlierperceptual information. The key to making the right inferences here is the decayingstrength of temporal projections:======================================================================Problem number 6: This is the perceptual updating problem. First, Fred looks red to me. Later, Fredlooks blue to me. What should I conclude about the color of Fred?Forwards-substantive-reasons: *perception*Backwards-substantive-reasons: *temporal-projection* *incompatible-colors*Inputs: (the color of Fred is red) : at cycle 1 with justification 1.0 (the color of Fred is blue) : at cycle 30 with justification 1.0Ultimate epistemic interests: (? x)((the color of Fred is x) at 50) degree of interest = 0.5=========================================================================== # 1 interest: ((the color of Fred is #:^@\y0) at 50) This is of ultimate interest|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||It appears to me that ((the color of Fred is red) at 1)||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| # 1 It appears to me that ((the color of Fred is red) at 1) # 2 ((the color of Fred is red) at 1) Inferred by: support-link #1 from { 1 } by *perception* undefeated-degree-of-support = 0.9 # 3 ((the color of Fred is red) at 50) undefeated-degree-of-support = 0.8569420073847128 Inferred by: support-link #2 from { 2 } by *temporal-projection* defeaters: { 7 } This discharges interest 1 # 5 interest: ~((the color of Fred is red) at 50) Of interest as a defeater for support-link 2 for node 3 ========================================= Justified belief in ((the color of Fred is red) at 50) answers #<Query 1: (? x)((the color of Fred is x) at 50)> =========================================|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||It appears to me that ((the color of Fred is blue) at 30)||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| # 4 It appears to me that ((the color of Fred is blue) at 30) # 5 ((the color of Fred is blue) at 30) Inferred by: support-link #3 from { 4 } by *perception* undefeated-degree-of-support = 0.9 # 6 ((the color of Fred is blue) at 50) Inferred by: support-link #4 from { 5 } by *temporal-projection* defeaters: { 8 } undefeated-degree-of-support = 0.8821699783465813 This discharges interest 1 # 9

Proceedings of FAPR�96�revised version of June 1, 19966

# 9 interest: ~((the color of Fred is blue) at 50) Of interest as a defeater for support-link 4 for node 6 ========================================= Justified belief in ((the color of Fred is blue) at 50) answers #<Query 1: (? x)((the color of Fred is x) at 50)> ========================================= # 7 ~((the color of Fred is red) at 50) Inferred by: support-link #5 from { 6 } by *incompatible-colors* undefeated-degree-of-support = 0.8821699783465813 defeatees: { link 2 for node 3 } vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 3> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv ========================================= Lowering the undefeated-degree-of-support of ((the color of Fred is red) at 50) retracts the previous answer to #<Query 1: (? x)((the color of Fred is x) at 50)> =========================================================== ULTIMATE EPISTEMIC INTERESTS =================== Interest in (? x)((the color of Fred is x) at 50) is answered by node 6: ((the color of Fred is blue) at 50)---------------------------------------------------4. Temporal IndexicalsAn agent that did all of its temporal reasoning using the reason-schemas describedabove would be led into crippling computational complexities. Every time it wantedto reuse a belief about its surroundings, it would have to reinfer it for the present time.Inference takes time, so by the time it had reinferred the belief, other beliefs withwhich the agent might want to combine this belief in further inference would themselvesno longer be current. To get around this difficulty, the agent would have to makeinferences about some time in the near future rather than the present, inferring anumber of properties of that time, and then combine those properties to make a furtherinference about that time, and finally project that new property into the future for usein further inference. This would not be computationally impossible, but it wouldmake life difficult for an agent that had to reason in this way.Human beings achieve the same result in a more efficient way by employing thetemporal indexical �now�. Rather than repeatedly reinferring a property as timeadvances, they infer it once as holding now, and that single belief is retained until itbecomes defeated. The mental representation (i.e., formula) believed remains unchangedas time advances, but the content of the belief changes continuously in the sense thatat each instant it is a belief about that instant. This has the effect of continuouslyupdating the agent�s beliefs in accordance with the defeasible reasons of section three,but no actual reasoning need occur.The use of �now� can be implicit or explicit. That is, we can either write �x isred� or �x is red now�. The latter is used primarily for emphasis. It keeps therepresentation simpler if we drop the temporal reference rather than putting in the�now�, so that is the course that will be followed below.Percepts are always percepts of the agent�s present situation, so we can regardthem as providing defeasible reasons for inferences about the present:

INDEXICAL-PERCEPTIONHaving a percept at time t with the content P is a defeasible reason for the agent tobelieve P.INDEXICAL-PERCEPTION is defeated by considerations of reliability just asPERCEPTION is:

Proceedings of FAPR�96�revised version of June 1, 19967

INDEXICAL-PERCEPTUAL-RELIABILITYWhere r is the strength of INDEXICAL-PERCEPTION, �R-at-t, and theprobability is less than r of P�s being true given R and that I have a percept withcontent P at t� is a defeasible undercutting defeater for INDEXICAL-PERCEPTION.The conclusion P is automatically projected into the future just by retaining it, soINDEXICAL-PERCEPTION can be viewed as combining PERCEPTION andTEMPORAL-PROJECTION into a single reason-scheme.A complication arises for the reasoner in dealing with conclusions containing animplicit or explicit �now� representing an implicit use of TEMPORAL-PROJECTION.The degree-of-support for a conclusion drawn by TEMPORAL-PROJECTION decreasesas the time interval increases. Retaining a conclusion containing �now� is equivalentto making an inference by TEMPORAL-PROJECTION. Accordingly, the degree-of-support for that conclusion must decay over time, just as if it were being continuallyre-inferred by TEMPORAL-PROJECTION. To handle this, we must make a distinctionbetween temporal and atemporal conclusions, where the former are those containingan explicit or implicit �now�. Atemporal conclusions have fixed degrees-of-support,but the degree of support of a temporal conclusion must decay proportionally toexpt(r,Dt) where Dt is the length of time since it was initially inferred.These principles can be illustrated by the following problem. First, Fred looks redto me. Later, I am informed by Merrill that I am then wearing blue-tinted glasses.Later still, Fred looks blue to me. All along, I know that the probability is not high ofFred being blue given that Fred looks blue to me, but I am wearing blue-tintedglasses. What should I conclude about the color of Fred? By INDEXICAL-PERCEPTION I first infer that Fred is red. Later I infer that Fred is blue, and inaccordance with the previously noted solution to the perceptual updating problem, theearlier conclusion that Fred is red is defeated. By I also infer that I am wearingblue-tinted glasses, which by INDEXICAL-PERCEPTUAL-RELIABILITY defeats theconclusion that Fred is blue and reinstates the conclusion that Fred is red. OSCARperforms this reasoning as follows:======================================================================Problem number 8: First, Fred looks red to me. Later, I am informed by Merrill that I am then˚wearingblue-tinted glasses. Later still, Fred looks blue to me. All along, I know that the probability is not high ofFred being blue given that Fred looks blue to me, but I am wearing blue tinted glasses. What should Iconclude about the color of Fred?Forwards-substantive-reasons: *indexical-perception* *perception* *reliable-informant*Backwards-substantive-reasons: *indexical-perceptual-reliability* *perceptual-reliability* *temporal-projection* *indexical-incompatible-colors*Inputs: (the color of Fred is red) : at cycle 1 with justification 0.8 (Merrill reports that I am wearing blue tinted glasses) : at cycle 20 with justification 1.0 (the color of Fred is blue) : at cycle 30 with justification 0.8Given: ((the probability of (the color of Fred is blue) given ((I have a percept with content (the color ofFred is blue)) & I am wearing blue tinted glasses)) <= 0.8) : with justification = 1.0 (Merrill is a reliable informant) : with justification = 1.0Ultimate epistemic interests: (? x)(the color of Fred is x) degree of interest = 0.7

Proceedings of FAPR�96�revised version of June 1, 19968

(? x)(the color of Fred is x) degree of interest = 0.7=========================================================================== # 1 ((the probability of (the color of Fred is blue) given ((I have a percept with content (the color of Fred isblue)) & I am wearing blue tinted glasses)) <= 0.8) given undefeated-degree-of-support = 1.0 at cycle 1. # 2 (Merrill is a reliable informant) given undefeated-degree-of-support = 1.0 at cycle 1. # 1 interest: (the color of Fred is #:^@\y0) This is of ultimate interest|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||It appears to me that ((the color of Fred is red) at 1)||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| # 3 It appears to me that ((the color of Fred is red) at 1) # 5 (the color of Fred is red) Inferred by: support-link #4 from { 3 } by *indexical-perception* defeaters: { 13 } undefeated-degree-of-support = 0.7992003998667001 at cycle 2. This discharges interest 1 # 5 interest: ~(the color of Fred is red) Of interest as a defeater for support-link 4 for node 5 ========================================= Justified belief in (the color of Fred is red) answers #<Query 1: (? x)(the color of Fred is x)> =========================================|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||It appears to me that ((Merrill reports that I am wearing blue tinted glasses) at 20)||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| # 6 It appears to me that ((Merrill reports that I am wearing blue tinted glasses) at 20) # 7 ((Merrill reports that I am wearing blue tinted glasses) at 20) Inferred by: support-link #5 from { 6 } by *perception* undefeated-degree-of-support = 0.9 at cycle 20. # 9 (I am wearing blue tinted glasses at 20) Inferred by: support-link #7 from { 2 , 7 } by *reliable-informant* undefeated-degree-of-support = 0.9 at cycle 22.|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||It appears to me that ((the color of Fred is blue) at 30)||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| # 10 It appears to me that ((the color of Fred is blue) at 30) # 13 interest: (I am wearing blue tinted glasses at 30) For interest 15 by *indexical-perceptual-reliability* This interest is discharged by node 15 # 12 (the color of Fred is blue) DEFEATED Inferred by: support-link #9 from { 10 } by *indexical-perception* defeaters: { 16 , 14 } undefeated-degree-of-support = 0.8 at cycle 30. This discharges interest 1 # 15 interest: (((it appears to me that (the color of Fred is blue)) at 30) ~ (the colorof Fred is blue)) Of interest as a defeater for support-link 9 for node 12 # 16 interest: ~(the color of Fred is blue) Of interest as a defeater for support-link 9 for node 12 ========================================= Justified belief in (the color of Fred is blue) answers #<Query 1: (? x)(the color of Fred is x)> =========================================

Proceedings of FAPR�96�revised version of June 1, 19969

========================================= # 13 ~(the color of Fred is red) DEFEATED Inferred by: support-link #10 from { 12 } by *indexical-incompatible-colors* undefeated-degree-of-support = 0.7992003998667001 at cycle 31. defeatees: { link 4 for node 5 } vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 5> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv ========================================= Lowering the undefeated-degree-of-support of (the color of Fred is red) retracts the previous answer to #<Query 1: (? x)(the color of Fred is x)> ========================================= # 14 ~(the color of Fred is blue) Inferred by: support-link #11 from { 5 } by inversion from contradictory nodes 13 and 5 defeatees: { link 9 for node 12 } undefeated-degree-of-support = 0.0 at cycle 32. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 14> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv The undefeated-degree-of-support of #<Node 13> has decreased to 0.7984015989338665 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv # 15 (I am wearing blue tinted glasses at 30) Inferred by: support-link #12 from { 9 } by *temporal-projection* undefeated-degree-of-support = 0.8910448503742513 at cycle 34. This discharges interest 13 # 16 (((it appears to me that (the color of Fred is blue)) at 30) ~ (the color of Fred is blue)) Inferred by: support-link #13 from { 1 , 15 } by *indexical-perceptual-reliability* defeatees: { link 9 for node 12 } undefeated-degree-of-support = 0.8910448503742513 at cycle 34. This node is inferred by discharging interest #15 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv The undefeated-degree-of-support of #<Node 14> has increased to 0.7740308476712257 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv The undefeated-degree-of-support of #<Node 5> has increased to 0.7740308476712257 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 12> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 13> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv ========================================= Justified belief in (the color of Fred is red) answers #<Query 1: (? x)(the color of Fred is x)> ========================================= ========================================= Lowering the undefeated-degree-of-support of (the color of Fred is blue) retracts the previous answer to #<Query 1: (? x)(the color of Fred is x)> =========================================================== ULTIMATE EPISTEMIC INTERESTS =================== Interest in (? x)(the color of Fred is x) is answered by node 5: (the color of Fred is red)---------------------------------------------------

Proceedings of FAPR�96�revised version of June 1, 199610

This reasoning diagramed in figure 1.

(It appears to me that the color of Fred is red) at 1Fred’s appearing blue is not a reliable indicator of Fred’s being blue when I am wearing blue-tented glasses(It appears to me that Merrill reports that I am wearing blue-tinted glasses) at 20(Merrill reports that I am wearing blue-tinted glasses) at 20I am wearing blue-tinted glasses at 20Merrill is a reliable informant((It appears to me that the color of Fred is blue) at 30) (The color of Fred is blue)(It appears to me that the color of Fred is blue) at 30The color of Fred is redThe color of Fred is blue

~Figure 1. Inference graph

~The color of Fred is red

~The color of Fred is blue

5. The Frame ProblemReasoning about what will change if an action is performed or some other changeoccurs often presupposes knowing what will not change. Early attempts to modelsuch reasoning deductively proceeded by adopting a large number of �frame axioms�,which were axioms to the effect that if something occurs then something else will notchange. For instance, in a blocks world one of the frame axioms might be �If a blockis moved, its color will not change�. It soon became apparent that complicatedsituations required more frame axioms than axioms about change, and most of thesystem resources were being occupied by proofs that various properties did not change.In a realistically complicated situation, this became unmanageable. What becameknown as the Frame Problem is the problem of reorganizing reasoning about changeso that reasoning about non-changes can be done efficiently (McCarthy and Hayes,1969; Janlert, 1987).AI hackers, as Hayes [1987] calls them, avoided this problem by adopting the�sleeping dog strategy� (Haugeland 1987). Starting with STRIPS, actual planningsystems maintained databases of what was true in a situation, and with each possibleaction they stored lists of what changes those actions would produce. For planningsystems intended to operate only in narrowly circumscribed situations, this approachis effective, although for general-purpose planning it quickly becomes unwieldy. Inthe attempt to provide a more general theory that justifies this approach as a specialcase, several authors (Sandewall 1972, McCarthy) proposed reasoning about changedefeasibly and adopting some sort of defeasible inference scheme to the effect that it

Proceedings of FAPR�96�revised version of June 1, 199611 defeasibly and adopting some sort of defeasible inference scheme to the effect that itis reasonable to believe that something doesn�t change unless you are forced toconclude otherwise. But to make the idea work, one needs both a precise frameworkfor defeasible reasoning and a precise formulation of the requisite defeasible inferenceschemes. That proved to be a difficult problem.The temporal projection principles defended above can be regarded as a preciseformulation of the defeasible inference schemes sought. For the reasons given in thepreceding discussion of temporal indexicals, I do not think that these principles bythemselves constitute a solution to the Frame Problem. However, I propose that whenthey are coupled with the additional principles regarding temporal indexicals, anadequate solution to the Frame Problem is forthcoming. These principles have allbeen implemented in OSCAR.6. Reasoning about ChangeThe frame problem concerns efficient reasoning about non-change. This onlyarises because we must often know what does not change in order to reason aboutwhat changes. Steve Hanks and Drew McDermott [1986] were the first to observethat even with defeasible principles of non-change, a reasoner will often be unable todetermine what changes and what does not. (This could be viewed as an argumentthat the frame problem has not yet been solved, but it more convenient to regard thisas a separate problem.) They illustrated this with what has become known as �theYale shooting problem�. The general form of the problem is this. Suppose we have acausal law to the effect that if P is true at a time t and action A is performed at thattime, then Q will be true shortly thereafter. (More generally, A could be anything thatbecomes true at a certain time. What is significant about actions is that they arechanges.) Suppose we know that P is true now, and Q false. What should weconclude about the results of performing action A in the immediate future? Hanksand McDermott illustrate this by taking P to be �The gun is loaded, in workingcondition, and pointed at Jones�, Q to be �Jones is dead�, and A to be the action ofpulling the trigger. We suppose (simplistically) that there is a causal law dictatingthat if the trigger is pulled on a loaded gun that is in working condition and pointed atsomeone, that person will shortly be dead. Under these circumstances, it seems clearthat we should conclude that Jones will be dead shortly after the trigger is pulled.The difficulty is that all we can deduce from what we are given is that when A isperformed either P will no longer be true or Q will be true shortly thereafter. Intuitively,we want to conclude (at least defeasibly) that P will remain true at the time A isperformed and Q will therefore become true shortly thereafter. But none of ourcurrent machinery enables us to distinguish between P and Q. Because P is now trueand Q is now false, we have a defeasible reason for believing that P will still be truewhen A is performed, and we have a defeasible reason for believing that Q will stillbe false shortly thereafter. We know that one of these defeasible conclusions will befalse, but we have no basis for choosing between them, so this becomes a case ofcollective defeat. That, however, is the intuitively wrong answer.When we reason about causal mechanisms, we think of the world as �unfolding�temporally, and changes only occur when they are forced to occur by what hasalready happened. In our example, when A is performed, nothing has yet happened toforce a change in P, so we conclude defeasibly that P remains true. But given thetruth of P, we can then deduce that at a slightly later time, Q will become true. Thuswhen causal mechanisms force there to be a change, we conclude defeasibly that thechange occurs in the later states rather than the earlier states. This seems to be part ofwhat we mean by describing something as a causal mechanism. Causal mechanismsare systems that force changes, where �force� is to be understood in terms of temporal

Proceedings of FAPR�96�revised version of June 1, 199612 are systems that force changes, where �force� is to be understood in terms of temporalunfolding.2When reasoning about such a causal system, part of the force of describing it ascausal must be that the defeasible presumption against the effect occurring is somehowremoved. Thus, although we normally expect Jones to remain alive, we do not expectthis any longer when he is shot. To remove a defeasible presumption is to defeat it.This suggests that there is some kind of general �causal� defeater for the temporalprojection principles adumbrated above. The problem is to state this defeater precisely.As a first approximation we might try:(4)For every e

> 0 and d > 0, �A&P-at-(t+e) & (A&P causes Q)� is an undercuttingdefeater for the defeasible inference from ~Q-at-t to ~Q-at-(t+e+d).This account of causal reasoning requires causation to be temporally asymmetric.That is, �A&P causes Q� means, in part, that if A&P becomes true then Q will shortlybecome true. This precludes simultaneous causation, in which Q is caused to be trueat t by A&P being true at t. This may seem problematic, on the grounds thatsimultaneous causation occurs throughout the real world. For instance, collidingbilliard balls in classical physics might seem to illustrate simultaneous causation.However, this is a mistake. If two billiard balls collide at time t with velocity vectorspointing towards each other, they do not also have velocity vectors pointing awayfrom each other at the very same time. Instead, this illustrates what I have elsewhere[1984] called instantaneous causation. Instantaneous causation requires that if A&Pbecomes true at t, then for some d˚>˚0, for every e˚such that˚0 < e

< d, Q will be true att+e.3 I believe that instantaneous causation is all that is required for describing thereal world.I have followed AI-convention here in talking about causal change in terms ofcausation. However, that introduces unnecessary complexities. For example, it isgenerally assumed in the philosophical literature on causation, that if P causes Q thenQ would not have been true if P were not true. This has the consequence that in casesin which there are two independent factors each of which would be sufficient by itselfto cause the same effect, if both occur then neither cause it. These are cases of causaloverdetermination. A familiar example of causal overdetermination occurs when twoassailants shoot a common victim at the same time. Either shot would be fatal. Theresult is that neither shot is such that if it had not occurred then the victim would nothave died, and hence, it is generally maintained, neither shot caused the death of thevictim. However, this kind of failure of causation ought to be irrelevant to the kind ofcausal reasoning under discussion in connection with change. Principle (4) ought toapply to cases of causal overdetermination as well as to genuine cases of causation.I take it (and have argued in my [1984]) that all varieties of causation (includingcausal overdetermination) arise from the instantiation of �causal laws�. These arewhat I have dubbed nomic generalizations, and have discussed at length in my [1990].Nomic generalizations are symbolized as �P ”> Q�, where P and Q are formulas and�”>� is a variable-binding operator, binding all free occurrences of variables in P and

1 A more detailed presentation of this argument can be found in Pollock 1974.2 This intuition is reminiscent of Shoham�s (1987) �logic of chronologicalignorance�, although unlike Shoham, I propose to capture the intuition without modifyingthe structure of the system of defeasible reasoning.the structure of the system of defeasible reasoning.3 I assume that time has the structure of the reals, although that assumption is notrequired for the implementation.Q. An informal gloss on �P ”> Q� is �Any physically-possible P would be a Q�. For

Proceedings of FAPR�96�revised version of June 1, 199613

Q. An informal gloss on �P ”> Q� is �Any physically-possible P would be a Q�. Forexample, the law that electrons are negatively charged could be written �(x is anelectron) ”> (x is negatively charged)�. The free occurrences of �x� are bound by�”>�. I propose that we replace �(A&P causes Q)� in (4) by �(A&P˚”>˚Q˚will shortlybe true)�, where the latter typically results from instantiating more general laws.More precisely, let us define �A when P is causally sufficient for Q after an intervale� to mean("t)[(A-at-t & P-at-t) ”> ($g)("d)(e < d

< g � Q-at-(t+d))].Instantaneous causation is causal sufficiency with an interval 0.My proposal is to replace �causes� by �causal sufficiency� in (4). Modifying it totake account of the interval over which the causation occurs:

CAUSAL-UNDERCUTTERWhere t0

< t1 and (t1+e) < t, �A-at-t1 & Q-at-t1 & (A when Q is causally sufficientfor ~P after an interval e)� is a defeasible undercutting defeater for the inferencefrom P-at-t0 to P-at-t by TEMPORAL-PROJECTION.For causal reasoning, we also want to use the causal connection to support inferencesto conditionals. This is more complicated than it might initially seem. The difficultyis that, for example,(the gun is fired when the gun is loaded) is causally sufficient for ~(Jones isalive) after an interval 20does not imply that if the gun is fired at t and the gun is loaded at t then Jones is deadat t+20. Recall the discussion of instantaneous causation. All that is implied is thatJones is dead over some interval open on the left and with t+20 as the lower bound.We can conclude that there is at time > t+20 at which Jones is dead, but it does notfollow as a matter of logic that Jones is dead at any particular time because, at least asfar as this causal law is concerned, Jones could become alive again after becomingdead. To infer that Jones is dead at a particular time after t+20, we must combine thecausal sufficiency with temporal projection. This yields the following principle:

CAUSAL-IMPLICATION�(A when P is causally sufficient for Q after an interval e) & A-at-t & P-at-t &((t+e) < t*)� is a defeasible reason for �Q-at-t*�.With the use of these principles, it is concluded that Jones is not alive at 50:======================================================================Problem number 13: This is the Yale Shooting Problem. I know that the gun being fired while loadedwill cause Jones to become dead. I know that the gun is initially loaded, and Jones is initiallyalive. Later, the gun is fired. Should I conclude that Jones becomes dead?Forwards-substantive-reasons:Backwards-substantive-reasons: *indexical-temporal-projection* *temporal-projection* *indexical-causal-undercutter* *indexical-causal-implication*Start reasoning at cycle 50Inputs:

Proceedings of FAPR�96�revised version of June 1, 199614

Given: ((Jones is alive) at 20) : with justification = 1.0 (the gun is loaded at 20) : with justification = 1.0 (the gun is fired at 30) : with justification = 1.0 (the gun is fired when the gun is loaded is causally sufficient for ~(Jones is alive) after an interval10) : with justification = 1.0Ultimate epistemic interests: (? (Jones is alive)) degree of interest = 0.75===========================================================================Nodes marked DEFEATED have that status at the end of the reasoning. # 1 ((Jones is alive) at 20) given # 2 (the gun is loaded at 20) given # 3 (the gun is fired at 30) given # 4 (the gun is fired when the gun is loaded is causally sufficient for ~(Jones is alive) after an interval 10) given # 1 interest: (Jones is alive) This is of ultimate interest Of interest as a defeater for support-link 7 for node 7 # 2 interest: ~(Jones is alive) This is of ultimate interest Of interest as a defeater for support-link 5 for node 5 # 5 (Jones is alive) DEFEATED Inferred by: support-link #5 from { 1 } by *indexical-temporal-projection* defeaters: { 8 , 7 } DEFEATED defeatees: { link 7 for node 7 } This discharges interest 1 # 3 interest: (((Jones is alive) at 20) ~ (Jones is alive)) Of interest as a defeater for support-link 5 for node 5 ========================================= Justified belief in (Jones is alive) answers #<Query 1: (? (Jones is alive))> ========================================= # 4 interest: (the gun is loaded at 30) For interest 2 by *indexical-causal-implication* For interest 3 by *indexical-causal-undercutter* This interest is discharged by node 6 # 6 (the gun is loaded at 30) Inferred by: support-link #6 from { 2 } by *temporal-projection* This discharges interest 4 # 7 ~(Jones is alive) Inferred by: support-link #7 from { 4 , 3 , 6 } by *indexical-causal-implication* defeaters: { 5 } defeatees: { link 5 for node 5 } This node is inferred by discharging interest #2 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 7> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv #<Node 5> has become defeated. vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv ========================================= Lowering the undefeated-degree-of-support of (Jones is alive) retracts the previous answer to #<Query 1: (? (Jones is alive))> ========================================= # 8 (((Jones is alive) at 20) ~ (Jones is alive)) Inferred by: support-link #8 from { 4 , 3 , 6 } by *indexical-causal-undercutter* defeatees: { link 5 for node 5 }

Proceedings of FAPR�96�revised version of June 1, 199615 defeatees: { link 5 for node 5 } This node is inferred by discharging interest #3 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv The undefeated-degree-of-support of #<Node 7> has increased to 0.9646229185299475 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv ========================================= Justified belief in ~(Jones is alive) answers #<Query 1: (? (Jones is alive))> ======================================================================================================================= ULTIMATE EPISTEMIC INTERESTS =================== Interest in (? (Jones is alive)) is answered by node 7: ~(Jones is alive)---------------------------------------------------This reasoning is diagramed in figure 2.

The gun is loaded at 20The trigger is pulled at 30Jones is alive at 20The gun is loaded at 30~(Jones is alive)Jones is alive((The trigger is pulled when the gun is loaded) is causally sufficient for ~(Jones is alive) after an interval 10)

((Jones is alive at 20) (Jones is alive))~

Figure 2. The Yale Shooting ProblemThis, as far as I know, is the first implemented fully general solution to the YaleShooting Problem.4 It is noteworthy how simple it is to implement such principles inOSCAR, making OSCAR a potent tool for epistemological analysis.

required for the implementation.4 Shanahan [1996] describes an implemented solution to special cases of the Yale ShootingProblem that occur in robot navigation. However, his proposed solution is based upon circumscription,and so is in principle not implementable in any but special cases. Kartha and Lifschitz [1995] alsodescribe implemented solutions to special cases, based upon circumscription. It is noteworthy thattheir implementation works by attempting to reduce the circumscription to a set of first-order frameaxioms, which is just what the appeal to nonmonotonic logic and defeasible reasoning was originallyintended to avoid.

Proceedings of FAPR�96�revised version of June 1, 199616

ReferencesHanks, Steve, and McDermott, Drew1986�Default reasoning, nonmonotonic logics, and the frame problem�, AAAI-86.Haugland, John1987�An overview of the frame problem�, in Z. Pylyshyn (ed.) The Robot�s Dilemma,,MIT Press.Hayes, Patrick1987�What the frame problem is and isn�t�, in Z. Pylyshyn (ed.) The Robot�sDilemma,, MIT Press.Janlert, Lars-Erik1987�Modeling change�the frame problem�, in Z. Pylyshyn (ed.) The Robot�sDilemma,, MIT Press.McCarthy, John, and Hayes, Patrick1969�Some philosophical problems from the standpoint of artificial intelligence�.In B. Metzer & D. Michie (eds.), Machine Intelligence 4. Edinburgh: EdinburghUniversity Press.Kartha, G. Neelakantan, and Lifschitz, Vladimir1995�A simple formalization of actions using circumscription�. Proceedings ofIJCAI 1995, 1970-1975.Pollock, John1974Knowledge and Justification, Princeton University Press.1984The Foundations of Philosophical Semantics, Princeton University Press.1987Contemporary Theories of Knowledge, Rowman and Littlefield.1990Nomic Probability and the Foundations of Induction, Oxford University Press.1995Cognitive Carpentry, MIT Press.1995aThe OSCAR Manual, available online from http://info-center.ccit.arizona.edu/~oscar.Sandewall, Erik1972�An approach to the frame problem and its implementation�. In B. Metzer &D. Michie (eds.), Machine Intelligence 7. Edinburgh: Edinburgh UniversityPress.Shanahan, Murray1996�Robotics and the common sense informatic situation�, Proceedings of the12th European Conference on Artificial Intelligence, John Wiley & Sons.Shoham, Yoav1987Reasoning about Change, MIT Press.